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‘Soggy breakdown’ (SB) is an internal flesh disorder of ‘Honeycrisp’ apple
(Malus×domestica Borkh.) fruit that occurs during low temperature stor-
age. The disorder is a chilling injury (CI) in which visible symptoms
typically appear after several weeks of storage, but information about
the underlying metabolism associated with its induction and development is
lacking. The metabolic profile of flesh tissue from wholly healthy fruit and
brown and healthy tissues from fruit with SB was characterized using gas
chromatography-mass spectrometry (GC-MS) and liquid chromatograph-mass
spectrometry (LC-MS). Partial least squares discriminant analysis (PLS-DA) and
correlation networks revealed correlation among ester volatile compounds by
composition and differences in phytosterol, phenolic and putative triacylglyc-
erides (TAGs) metabolism among the tissues. ANOVA-simultaneous component
analysis (ASCA) was used to test the significance of metabolic changes linked
with tissue health status. ASCA-significant components included antioxidant
compounds, TAGs, and phytosterol conjugates. Relative to entirely healthy
tissues, elevated metabolite levels in symptomatic tissue included 𝛾-amino
butyric acid, glycerol, sitosteryl (6′-O-palmitoyl) 𝛽-D-glucoside and sitosteryl
(6′-O-stearate) 𝛽-D-glucoside, and TAGs containing combinations of 16:0,
18:3, 18:2 and 18:1 fatty acids. Reduced metabolite levels in SB tissue
included 5-caffeoyl quinate, 𝛽-carotene, catechin, epicatechin, 𝛼-tocopherol,
Abbreviations – ASCA, ANOVA-simultaneous component analysis; CA, controlled atmosphere; CI, chilling injury; GC-MS,
gas chromatography-mass spectrometry; GABA, 𝛾-aminobutyric acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; LC-MS, liquid chromatograph-mass spectrometry; MetPA, metabolomic pathway analysis; MS, mass spectra; MST, mass
spectral tag; PLS-DA, partial least squares discriminant analysis; QTOF, quadrupole time-of-flight; RI, retention indices; ROS,
reactive oxygen species; SB, soggy breakdown; TAG, triacylglyceride; VIP, variable importance in projection.
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violaxanthin and sitosteryl 𝛽-D glucoside. Pathway analysis indicated aspects
of primary metabolism differed according to tissue condition, although differ-
ences in metabolites involved were more subtle than those of some secondary
metabolites. The results implicate oxidative stress and membrane disruption
processes in SB development and constitute a diagnostic metabolic profile for
the disorder.
Introduction
‘Honeycrisp’ is an economically important cultivar
(Malus×domestica Borkh.) worldwide, with planted
acreage increasing rapidly in most major apple growing
regions. Low temperature storage can enhance value by
enabling a longer window of availability. Soft scald and
soggy breakdown (SB), which are postharvest physio-
logical disorders with symptoms of irregular, but sharply
demarcated dark brown patches in the apple peel (soft
scald) and flesh (SB), can seriously impact fruit quality,
rendering the product unmarketable (Watkins et al.
2004, Moran et al. 2009). It is generally accepted that
both soft scald and SB are forms of chilling injury (CI)
(Watkins et al. 2004) where pre-harvest field factors,
including temperature and nutrient status (Moran et al.
2009), as well as postharvest temperature conditioning
can impact SB incidence (DeLong et al. 2006). SB can
occur independent of soft scald, that is, internal cortex
brown symptoms in the absence of peel injury (Watkins
et al. 2004), but for the purposes of this article, SB
refers to symptoms of sharply demarcated regions of
browned cortex provoked by low temperature in regular
atmosphere, either with or without symptoms of peel
browning.
Development of another type of CI of apple peel,
superficial scald, is associated with reactive oxygen
species (ROS) generation during cold storage (Watkins
et al. 1995, Whitaker 2004, Lurie and Watkins 2012).
The cellular components most affected by ROS are lipids,
proteins, carbohydrates and nucleic acids (Blokhina
et al. 2003, Sevillano et al. 2009). ROS generation
is thought to occur predominately in the chloroplast
(Sevillano et al. 2009, Singh et al. 2010). Interestingly,
chloroplasts diminish in number in apple cortex with
increasing ripeness and storage duration resulting in
decreasing chlorophyll levels (Ampomah-Dwamena
et al. 2012). Mitochondrial respiration is another source
of ROS (Jones 1981).
Metabolic profiling has been used to characterize
metabolism associated with apple fruit disorders and
lends insight into the biological mechanisms under-
lying disorder development (Rudell et al. 2009, Lee
et al. 2012b). For ‘Honeycrisp’ fruit, targeted metabolite
monitoring revealed changes in amino and organic
acids during the growing season (Zhang et al. 2010) but
postharvest metabolism in relation to SB development
has not been characterized. Reduced levels of linoleic
acid and altered levels of other fatty acids (Hopkirk
and Wills 1980) may be related to increased soft scald
incidence, a chilling induced peel disorder that is often
associated with SB. Application of hexanol and hexanal
enhances soft scald development without inducing SB
in ‘Jonathan’ apples (Wills and Scott 1970). In addition
to cold storage, fruit may be stored in hypoxic controlled
atmosphere (CA) storage, where flesh damage can be
provoked by low O2 and elevated CO2 (Watkins and
Nock 2012). Internal symptoms of CO2 injury in ‘Hon-
eycrisp’ fruit can be difficult to distinguish from SB and it
is not clear whether these disorders develop via different
metabolic paths (Beaudry 2010).
This study constructs a metabolic profile specific to
SB, an important step toward creating forensic tools that
distinguish SB from other browning disorders, as well as
providing insight into the physiology of CI in apple fruit
cortex tissue. We expected metabolic profiling would
reveal metabolic differences during disorder provocation
and progression. In addition, multiple sampling points
during low temperature storage were expected to allow
the progression of disorder development to be monitored
alongside metabolism, describing physiological trends
involved with disorder provocation.
Materials and methods
Plant material and sampling procedure
‘Honeycrisp’ apples were harvested from orchards near
three major Washington state commercial apple grow-
ing regions (near Yakima, Brewster and Royal City,
WA) at commercial harvest and physiological maturity
(Table 1). Following harvest, fruit were rinsed with deion-
ized water, placed onto pressed fiber trays (16 fruit per
tray), boxed and placed into air storage (1∘C). One tray
of fruit was assessed using standard quality metrics pre-
viously described (Lumpkin et al. 2014). Internal ethy-
lene concentration and starch index indicated fruit had
entered the climacteric respiration phase and color, sol-
uble solids and titratable acidity were within acceptable
ranges for commercial harvest (Table 1). Three trays of
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Table 1. Maturity indices and quality measurements of ‘Honeycrisp’ apple fruit at harvest obtained from commercial orchards in Washington State.
One tray (16 fruit) was assessed for each location.
Orchard
location
Internal ethylene
concentration (μl l–1) Starch index (1–6) Soluble solids (∘Brix)
Titratable acidity
(%malic acid equivalents) Color (1–5)
Brewster 1.76 4.0 13.5 0.567 2.8
Royal City 2.11 5.6 13.0 0.348 3.5
Yakima 3.67 4.6 13.8 0.558 2.7
healthy symptomatic
asymptomatic
A B
cauline bundles
Fig. 1. Cross-section of healthy (A) or soggy breakdown (B) ‘Honeycrisp’ apple cortex. Cortex tissue was sampled from entirely healthy fruit (A) and
by dissecting brown symptomatic tissue from white asymptomatic tissue (B). Tissue was sampled from the cortex region between peel and the cauline
bundles which surround the core (indicated in A) and from midsection of fruit when fruit is oriented vertically (approximately 2 cm from either stem
or calyx end).
fruit (48 total) from each orchard were visually assessed
for SB at harvest and after 2, 4, 8 and 12 weeks cold
storage. Tissue samples from fruit affected by SB were
collected depending upon when symptoms first devel-
oped. This was at 4, 8 and 12 weeks (Yakima fruit), or 8
and 12 weeks (Brewster and Royal City fruit). In some
cases, SB development occurred alongside soft scald
(sunken browned regions of the peel characterized by
sharply demarcated edges); we considered tissue symp-
tomatic for SB as well as soft scald when flesh browning
extended more than 3mm into the flesh tissue beneath
the peel. Brown (symptomatic) cortex from SB fruit, white
cortex from around the browned cortex tissue (asymp-
tomatic) and cortex from fruit not affected by SB were
sampled separately (Fig. 1). Tissue was collected by peel-
ing the fruit and slicing the cortex tissue into longitudinal
sections approximately 10mm thick. Only longitudinal
sections collected from the midsection of the fruit were
used (approximately 2 cm interior from the stem and
calyx). Tissuewas then sliced into approximately 10mm3
cubes, excluding tissue from the core region of the fruit
(between cauline bundles and seeds) (Fig. 1A). In the
case of dissecting symptomatic from asymptomatic tis-
sue, cuts were made first to separate tissue within the
longitudinal sections, then tissue was cut into approxi-
mately 10mm3 cubes as previously described. Samples
consisted of pooled tissue from at least four fruit at each
time point. Tissue was immediately frozen using liquid
nitrogen upon sampling, then ground using an analytical
grinding mill (IKA Works, Willmington, NC) containing
liquid nitrogen. Three technical replications were per-
formed for each sample.
Metabolic extraction and derivatization
Frozen peel powder was analyzed using three extraction
procedures and four instrumental analyses.
Volatile metabolite analysis
Volatile headspace analysis was performed on frozen
cortex tissue as previously described (Leisso et al. 2013).
Briefly, 1ml saturated NaCl solution and internal stan-
dard mixture was added to frozen peel powder (1 g) in
20ml glass headspace vials (Gerstel, Baltimore, MD),
sonicated, and held at –1∘C until head space analysis.
Vial headspace was analyzed using an Agilent 6890N
gas chromatograph coupled with a 5975B mass selective
detector (Agilent Technologies, Palo Alto, CA) and an
automated Gerstel Multi-Purpose Sampler equipped
with a Dynamic Headspace Sampler. The headspace
was sampled by sweeping helium through each vial and
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collecting analyte on glass traps containing Tenax and
Carbosieve (Supelco, St. Louis, MO), then desorbing
traps onto a cooled glass bead-filled liner, introducing
analyte into the GC column (HP-5MS, Agilent Tech-
nologies), and analyzing eluent using mass spectral
(MS) detection in electron impact mode, recording mass
spectra from m/z 30 to 600.
Trimethylsilyl (oxime) derivative analysis
Methanolic extraction coupled with trimethylsilyl
(oxime) derivatization and gas chromatography-mass
spectrometry (GC-MS) analysis of frozen apple cortex
powder (0.1 g) was carried out as previously described
(Rudell et al. 2009).
Non-polar metabolite analysis
Sample extraction. Frozen cortex powder (0.5 g) was
weighed into 2ml opaque, screw-top microcentrifuge
tubes previously chilled in N2 (l) to which approxi-
mately 100 μl of 0.5mm (diameter) soda lime glass beads
(BioSpec Products, Inc., Bartlesville, OK) were added.
Tubes were placed at room temperature and internal
standards (see section Quality control) were added fol-
lowed by 0.65ml 2:1 acetone:0.2M HEPES pH 7.7 and
the tubes centrifuged at 2000 g for 15 s. Then another
0.65ml of acetone:HEPES was added after which the
tubes were shaken vigorously for 1min using a Mini
Beadbeater (BioSpec Products, Inc.) then centrifuged at
16 200 g for 1min. The supernatant was transferred to
a 13×100mm borosilicate test tube (stored in the dark
and on ice). The pellet was washed twice by adding
1ml acetone (Fisher Scientific, Fair Lawn, NJ), bead beat-
ing the sample for 30 s, and, then, centrifuging the mix-
ture as described above. The pellet was then washed
with 0.75ml of hexanes (Fisher Scientific) and the super-
natant transferred to the test tube containing the com-
piled buffered acetone extract. The test-tube was vor-
texed for 15 s, centrifuged at 2000 g for 2min, and the
hexanes phase transferred to a clean test tube after the
phases separated. Another 0.75ml hexanes was added
directly to the extract, vortexed and centrifuged before
transferring the hexanes phase to the collection tube.
An additional 0.5ml hexanes was added, vortexed and
centrifuged, then transferred to the tube containing the
hexanes phase. The hexanes phase was dried under a
stream of N2 (g), the residue dissolved in 250 μl acetone,
and the samples ultrasonicated for 10min, then filtered
using a 0.45 μm PTFE syringe filter prior to analysis.
Liquid chromatograph-mass spectrometry. Samples
were analyzed by injecting 10 μl into a Series 1100
HPLC system (Agilent Technologies, Santa Clara, CA)
controlled by Chemstation (B.02.01) and equipped
with a Chromolith Performance RP-18e (4.6× 100mm)
monolithic reverse-phase column (EMD Chemicals
Inc., Gibbstown, NJ). Elution solvents used for a linear
gradient were (A) 80:20 (v/v) methanol (Fisher Sci-
entific)/deionized water and (B) ethyl acetate (Fisher
Scientific). The column temperature and mobile phase
flow rate were 20∘C and 1.0ml min–1, respectively. The
mobile phase was comprised entirely of solvent A for
the initial 2min following injection, upon which a linear
gradient of solvent A plus B was applied until reaching
65% B at 21min then held until 35min. The flow rate
remained at 1mlmin–1 for the entire analysis. The eluate
was first analyzed by injecting 10 μl acetone extract into
a G1315B diode array detector and then a G1946D
single quadrupole mass selective detector (Agilent Tech-
nologies), where conditions were as follows: drying gas
(N2) flow 4 lmin
–1, drying gas temperature 350∘C, neb-
ulizer pressure 414 kPa, vaporizer temperature 425∘C
and coronal discharge of 4 μA. The fragmentor and
capillary potentials were 170 and 4000V, respectively.
The mass selective detector was adjusted to monitor
positive ions in the scanning mode within a 100–1200
m/z range.
Liquid chromatograph-mass spectrometry quadrupole
time-of-flight. A subset of unknowns annotated as mass
spectral tags (MSTs; retention index or retention time
and target ion), that differentiated healthy tissue from
tissue affected by SB, were tentatively identified using
accurate mass/time-of-flight spectrometry. This analy-
sis was performed by injecting 10 μl acetone extract
into a 1260 Series Infinity LC (Agilent Technologies)
equipped with a Chromolith Performance RP-18e
(4.6× 100mm) monolithic reverse-phase column (EMD
Chemicals Inc., Gibbstown, NJ). Elution solvents, gra-
dient, column temperature and mobile phase flow
rate were the same as previously described. Eluate
was analyzed using a 6520 Accurate Mass quadrupole
time-of-flight (QTOF) detector (Agilent Technologies).
The instrument was controlled and data collected
using MASSHUNTER DATA ACQUISITION software (Agilent
Technologies). Positive ions were scanned between 90
and 2000m/z in both MS and Auto MS/MS mode and
data were collected in centroid mode at the rate of 2
scans per second, with 500ms s–1 in 2GHz extended
dynamic range. In Auto MS/MS mode, ions above
10 000 counts were subjected to increasing collision
energies of 10, 20 and 40V. Precursors were sorted by
abundance and not by charge state. Accurate mass ref-
erence correction ions used were 121.050873 (purine)
and 922.009798 ((1H, 1H, 3H-tetrafluoropropoxy)
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phosphazine) (API-TOF Reference Mass Solution Kit,
Agilent Technologies) to maintain consistent mass accu-
racy (<2 ppm). Reference correction ions as well as
known contaminant ions were actively excluded from
Auto MS/MS selection. The APCI spray chamber condi-
tions were: drying gas (N2) temperature of 350
∘C, flow
rate 4 lmin–1, vaporizer temperature of 400∘C, nebulizer
pressure of 60 psig, corona discharge of 4 μA, fragmentor
voltage of 125V, and capillary voltage of 3000V.
Quality control
Three reference samples were run daily with GC-MS and
LC-MS sequences to monitor stability of the analytical
systems. The reference sample consisted of a bulk sample
of ‘Granny Smith’ peel obtained from fruit stored for 4
months in regular atmosphere at 1∘C. Compound levels
of reference samples were assessed daily to ensure levels
of compounds remained stable to one another. Internal
standards were also added to all samples; variation less
than 10% relative standard deviation was considered
acceptable. If variation exceeded acceptable levels,
samples from that day were re-extracted and analyzed.
The internal standard for trimethylsilyl (oxime) deriva-
tive analysis was phenyl-𝛽-D-glucopyranoside; internal
standards for volatile analyses were isopropyl butyrate
and 5-hexen-1-ol; internal standards for non-polar
extract analyses (acetone/HEPES extraction) were Sudan
I, 6-ketocholestanol, (trans) 𝛽-apo-8′-carotenal and
tocopherol acetate. Standards were purchased from
Sigma-Aldrich (St. Louis, MO).
Data acquisition, deconvolution
and peak identification
User-defined GC-MS and LC-MS libraries were gener-
ated using the automated mass spectral deconvolution
and identification system (AMDIS; National Institute
of Standards, Gaithersburg, MD) to find unique com-
ponents within the chromatographic MS data. For
GC-MS, peak retention indices (RI) were generated
for each sequence by comparing the retention times
of C5–C22 or C10–C40 alkanes evaluated under the
same conditions as the samples with the retention
times of sample components. From libraries constructed
by evaluating AMDIS search results of samples from
treatments at the extremes of storage duration and
shelf-life, MSTs were cataloged using the RI (or cor-
rected retention time, LC-MS) coupled with the target
ion used for semi-quantitation and calibration tables
generated using Chemstation (G1701DA rev. D; Agilent
Technologies). The Qedit macro was used to screen
each peak and provide areas for semi-quantitation. MS
comparison with spectra cataloged in NIST05 (National
Institute of Standards) and MS interpretation aided
in tentative identification of many of the components.
Compound identifications were based on co-elution and
comparison of sample compound spectra and retention
indices with those of authentic standards.
Data generated by the LC-MS QTOF were analyzed
using MassHunter Qualitative Analysis (B.05.00) soft-
ware. Spectral features from Auto MS/MS mode, the
molecular formula generator algorithm in MassHunter
Qualitative Analysis, and accurate mass information
cataloged in LIPID MAPS (http://www.lipidmaps.org/)
(Fahy et al. 2007) aided tentative identification of impor-
tant compounds initially only characterized by their
unique MSTs.
Chemical standards
Metabolites identified by peak co-elution with standards
are listed in Tables 2–4 according to extraction methods
and instrumental analyses of cortex tissue samples.
Abbreviations listed are used for subsequent descrip-
tion. MS information including target ions, retention
times, retention indices and chemical standards listed
in Table S1. Chemical standards were either purchased
or obtained by a combination of synthesis and purifi-
cation methods. (E,E) 𝛼-farnesene and (Z,E) 𝛼-farnesene
were purified and identified as previously described
(Rudell et al. 2005). The Fischer esterification procedure
(Fischer and Speier 1895) was employed to prepare
2-methylbutyl hexanoate, methyl 2-methyl propanoate,
butyl hexanoate, butyl propanoate, ethyl pentanoate
and hexyl pentanoate as previously described (Leisso
et al. 2013). Sitosteryl (6′-O-linolenoyl) 𝛽-D-glucoside,
sitosteryl (6′-O-linoleoyl) 𝛽-D-glucoside, sitosteryl (6′-O-
stearate) 𝛽-D-glucoside, sitosteryl (6′-O-palmitoyl) 𝛽-D-
glucoside, 𝛽-sitosteryl linolenate, 𝛽-sitosteryl linoleate,
𝛽-sitosteryl palmitate and campesteryl (6′-O-linoleoyl)
𝛽-D-glucoside were synthesized as previously described
(Rudell et al. 2011). Metabolites significant in the ASCA
and tentatively identified using LC-MS QTOF accu-
rate mass analysis are listed in Table 3; accurate mass
and retention times for these compounds are listed in
Table S2.
Data analysis
Partial least squares discriminant analysis
Partial least squares discriminant analysis (PLS-DA) was
performed using Unscrambler (Camo Inc., Woodbridge,
NJ) to detect differences among healthy fruit cortex and
symptomatic or asymptomatic cortex from fruit affected
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Table 2. Volatile metabolites detected in apple cortex using dynamic headspace sampling coupled with GC-MS analysis. Compounds were identified
by comparison with mass spectral libraries and co-elution with authentic standards.
Metabolite Abbreviation Metabolite Abbreviation
(E) 2-Heptenal 2HeptHO Ethanol EtOH
(E) 2-Octenal 2OctHO Ethyl 2-methylbutanoate Et2MeB
(E)-2-Hexenal 2HHO Ethyl acetate EtA
(E,E) 2,4-Hexadienal 2,4Hex Ethyl butanoate EtB
(E,E) 𝛼-Farnesene EEaFarn Ethyl hexanoate EtH
(Z) 2-Hexen-1-ol 2HOH Ethyl pentanoate EtPent
(Z) 3-Hexen-1-ol 3HOH Ethyl propanoate EPro
(Z,E) 𝛼-Farnesene ZEaFarn Heptanal HeptHO
1-Butanol BOH Hexanal HHO
1-Hexanol HOH Hexyl 2-methylbutenoate H2MeButen
1-Pentanol PentOH Hexyl 2-methyl butyrate H2MeB
1-Propanol POH Hexyl acetate HA
2-Butanol 2BOH Hexyl butanoate HB
2-Methyl-1-butanol acetate 2MeBA Hexyl hexanoate HH
2-Methyl-1-propanol 2PHOH Hexyl pentanoate HPen
2-Methylbutanol 2MeBOH Hexyl propanoate HPro
2-Methylbutylhexanoate 2MeBH Methoxybenzene MxBenz
2-Methylpropylbutanoate 2MePB Methyl 2-methylbutyrate Me2MeB
(E) 2-Pentenal 2PentHO Methyl 2-methylpropanoate Me2MeP
2-Propanol 2proOH Methyl acetate MeA
6-Methyl-5-hepten-2-ol 6MHol Methyl alcohol MeOH
6-Methyl-5-hepten-2-one 6MHO Methyl butanoate MeB
Acetaldehyde AHO Methyl hexanoate MeH
Acetic acid AOOH Methyl propionate MePro
Acetone AcO Nonanal NonHO
Benzaldehyde BenzHO Pentanal PentHO
𝛽-Farnesene Bfarn Pentyl acetate PentA
Butyl 2-methylbutyrate B2MeB Pentyl butyrate PentB
Butyl acetate BA Pentyl hexanoate PentHO
Butyl butyrate BB Propyl acetate PA
Butyl hexanoate BHO Propyl butanoate PB
Butyl propanoate BP Propyl hexanoate PH
4-Allyl anisole Estra Propyl propionate PP
by SB. Data were mean-centered and standard deviation
squared prior to analysis. The variables’ importance
in projection (VIP) procedure (Chong and Jun 2005)
was utilized to rank metabolites according to tissue
health status and results were validated using ASCA
analysis.
ANOVA-simultaneous component analysis
ANOVA-simultaneous component analysis (ASCA) (Smilde
et al. 2005) was performed using the online tool avail-
able at Metaboanalyst (www.metaboanalyst.ca) (Xia and
Wishart 2011) to determine major metabolic patterns
according to storage duration and tissue symptom status.
Storage duration, tissue symptom condition and their
interaction were modeled using the first component
for time and symptoms, and the first two compo-
nents for their interaction. Results were compared to the
PLS-DA analysis to determine if procedures corroborated
regarding metabolites linked with SB or healthy cortex.
Distance measure and visualization
The PROC Corr procedure was performed using SAS
(SAS Institute Inc., Cary, NC) to determine the pairwise
Spearman correlation coefficient throughout storage
between compounds detected in each tissue and high-
light correlations to ASCA-significant compounds.
Pairwise correlations, significant at P< 0.01 and with
r> 0.80, were used to generate a node-edge plot using
the CYTOSCAPE package 2.8.2 (Cline et al. 2007, Smoot
et al. 2011) where correlations were represented as
edges (lines) between metabolite nodes (represented
as circles, triangles or rectangles). The force directed
layout algorithm (Fruchterman and Reingold 1991) was
employed to visualize the network and identify areas of
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Table 3. Amino acids, organic acids, sugars, sugar-alcohols and phenolic compounds detected using TMS-oxime derivatization and GC-MS analysis
of methanolic apple cortex extracts. Compounds were identified by comparison with mass spectral libraries and co-elution with authentic standards.
Metabolite Abbreviation Metabolite Abbreviation
(–) epicatechin Epicat Hydroxyproline proOH
(+/–) catechin Cat Myo-inositol mInos
1-Aminocyclopropane-1-carboxylic acid ACC Isoleucine Ile
5-Oxo-proline Oxopro Leucine Leu
𝛾-Aminobutryic acid GABA Linoleic acid C18:2OOH
Adonitol ribOH Maleic acid Maleic
L-Alanine Ala Malic acid Malic
Asparagine Asn Malonic acid Malon
Aspartic acid Asp Mucic acid Mucic
𝛽-Alanine Bala Norvaline Norval
Chlorogenic acid 5caffquin Phenylalanine Phe
Citramalic acid Citmal Phosphoric acid PO4
Citric acid Cit Proline Pro
Dodecanoic acid C12OOH Pyruvic acid Pyr
Eicosanoic acid EicA Quinic acid Quim
Erythritol EryOH Raffinose Raff
Erythrose Eryth2 Rhamnose Rhamn
Fructose Fruct Ribose Rib
Fructose 6-phosphate F6P Serine Ser
Fumaric acid Fum Sorbitol Sorb
Gluconic acid Gluconic Succinic acid Succ
Glucose Gluc Sucrose Suc
Glucose-6-phosphate G6P Threonic acid Threonic
Glutamic acid Glu Threonine Thr
Glyceric acid Glyceric Valine Val
Glycerol Glycerol Xylitol xylOH
Glycerol 3-phosphate G3P Xylose Xyl
Glycine Gly
high correlation or ‘first neighbor networks’. Edges and
associated nodes with distances r> |0.80| are displayed.
Pathway analysis
Metabolomic Pathway Analysis (MetPA) (Xia andWishart
2010) was used to identify specific biochemical path-
ways that were altered by low temperature injury in
apple fruit. MetPA utilizes Kyoto Encylopaedia of Genes
and Genomes (KEGG) database (Kanehisa and Goto
2000) for metabolic pathway information on model
organisms. Based on the subset of identified metabolites
annotated in KEGG, injury affected pathways were
indicated by the ‘global test’ in pathway enrichment
analysis and ‘relative-betweeness centrality’ for pathway
topology analysis.
Results
Metabolomic analysis
The metabolic profiling protocol detected and profiled
142 identified compounds and 603 MSTs (i.e. mass
spectra, retention index or time and target ion) in cortex
tissue differing in physiological health at 4, 8 and 12
weeks cold storage (Table S1). Identified metabolic
components included primary and secondary sugar,
amino acid and organic acid metabolites, chlorophyll
and carotenoid pigments, phenylpropanoids, phy-
tosteryl membrane components, triterpenoids, volatile
compounds (acid, aldehydes, alcohols, acyl esters
and terpenoids), oxidized sesquiterpenoids and triter-
penoids and acylated terpenoids (Tables 2–4). MSTs
which proved to be significant in ASCA were tentatively
identified using spectral, accurate mass information
and comparison with authentic standards of similar
metabolites and included lipids, triacylglycerols and
campesteryl and stigmasteryl conjugates (Table 5). All
MSTs were included in multivariate and ASCA analyses.
Metabolomic segregation among healthy
and unhealthy cortex tissues
PLS-DA analysis considered metabolite concentrations
across all storage durations and tissue conditions reflect-
ing metabolomic differences primarily related to tissue
health (Fig. 2A). Scores from symptomatic tissue were
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Table 4. Non-polar metabolites detected using acetone/hexanes extrac-
tion coupled with LC-APCI-MS. Compounds were identified by compari-
son with mass spectral libraries and co-elution with authentic standards.
Metabolite Abbreviation
𝛼-Tocopherol aToco
𝛽-Carotene Caro
𝛽-Sitosterol sito
𝛽-Sitosterol 𝛽-D-glucoside sitoG
Sitosteryl (6′-O-linolenoyl) 𝛽-D-glucoside sitoLnG
Sitosteryl (6′-O-linoleoyl) 𝛽-D-glucoside sitoLG
Sitosteryl (6′-O-stearate) 𝛽-D-glucoside sitoSG
Sitosteryl (6′-O-palmitoyl) 𝛽-D-glucoside sitoPG
𝛽-Sitosteryl linolenate sitoLn
𝛽-Sitosteryl linoleate sitoL
𝛽-Sitosteryl palmitate sitoP
Campesterol camp
Campesteryl 𝛽-D-glucoside CampG
Campesteryl (6′-O-linoleoyl) 𝛽-D-glucoside CampLG
Chlorophyll a ChlA
Chlorophyll b ChLB
Lutein Lut
Neoxanthin Neoxan
Pheophytin Pheo
Ursolic/oleanic acid Urs
Violaxanthin Violaxan
different than those of healthy or asymptomatic tissues
(see Fig. 1), which were also segregated at all storage
durations in the Factor 1–Factor 2 plane that accounted
for 21% of the total x-variance in this model. Storage
duration only had a minor, if any, consistent influence
within this plane; in an unsupervised analysis, princi-
pal components analysis confirmed this result (data not
shown). Differences among tissues existed by the 4 week
sampling date even between healthy and asymptomatic
tissue.
The profile of healthy fruit was most similar to that
of asymptomatic tissue (Fig. 2A), indicating that healthy
and asymptomatic tissue share many similar metabolic
features. The list of highly ranked VIP metabolites most
positively associated with symptomatic tissue contains
secondary metabolites involved in storage or mem-
brane structure and function, including glycerol and
phytosteryl conjugates such as sitosteryl (6′-O-stearate)
𝛽-D-glucoside, sitosteryl (6′-O-palmitoyl) 𝛽-D-glucoside
and several tentatively identified triacylglycerols (TAGs),
while negatively associated metabolites include antiox-
idants such as tocopherol and violaxanthin as well as
catechin, epicatechin and 5-caffeoyl quinate indicat-
ing antioxidant levels are lower in symptomatic tissue
(Fig. 2B). Metabolites most different in asymptomatic
tissue compared with other tissue conditions included
a greater association of amino acids such as leucine,
proline, valine and 𝛽-alanine, fructose-6-phosphate,
Table 5. Ten partially characterized compounds that differentiate tissue
health as determined by the ASCA. These compounds were extracted
and evaluated using the non-polar profiling protocol and further char-
acterized using LC-APCI-QTOF-MS/MS. MSTs are presented in Table S2.
‘Healthy’ indicates tissue from fruit wholly unaffected by SB; ‘asymp-
tomatic’ indicates healthy appearing tissue in fruit affected by SB; ‘symp-
tomatic’ indicates tissue in fruit affected by SB. For LLO and LLP, after
ASCA significance was determined, a chemical standard was purchased
to confirm identification. Ln, linolenate (18:3); L, linoleate (18:2); O, oleic
(18:1); P, palmitate (16:0).
Chemical class Abbreviation
Flesh tissues with
elevated levels
Stigmasterol conjugate stig_67 Symptomatic
Stigmasterol conjugate stig_394 Symptomatic
Diacylglyceride conjugate DAG_413 Healthy,
asymptomatic
Triacylglyceride conjugate TAG_103 Healthy,
asymptomatic
Triacylglyceride (containing
18:3, 18:3, 18:3)
LnLnLn Symptomatic
Triacylglyceride (containing
18:3, 18:3, 18:2)
LnLnL Symptomatic
Triacylglyceride (containing
18:3, 18:2, 18:2)
LnLL Symptomatic
Triacylglyceride (containing
16:0, 18:3, 18:2)
PLnL Symptomatic
1,2-Dilinoleoyl-3-palmitoyl-rac-
glycerol
LLP Symptomatic
1,2-Dilinoleoyl-3-oleoyl-rac-
glycerol
LLO Symptomatic
Stigmasterol conjugate stig_445 Healthy,
asymptomatic
glucose-6-phosphate and ethyl esters and less asso-
ciation of hexyl hexanoate, hexyl butyrate, butyl
butyrate, 2-methylbutyl butyrate and pentyl butyrate.
Conversely, hexyl hexanoate, hexyl butyrate, butyl
butyrate, 2-methylbutyl butyrate and pentyl butyrate
were positively associated with ethanol-related esters
and negatively associated with healthy fruit. Many other
primary and secondary components were not greatly
influenced by tissue injury status (Fig. 2C).
Tissue condition-based metabolic fingerprint
ASCA was used to find metabolites significantly different
among tissue conditions (P< 0.05) and validate PLS-DA
results. ASCA applies univariate statistics to experimen-
tal factors (storage duration and tissue condition) but
also accounts for multivariate interactions. Metabolites
differing significantly according to tissue condition,
storage duration and the interaction of storage dura-
tion and tissue condition were determined. As we are
seeking metabolites whose levels are least affected by
storage duration in this analysis (metabolites consistently
differing among tissue conditions, irrespective of storage
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Fig. 2. PLS-DA of metabolomes of healthy, asymptomatic or symptomatic tissue after 4, 8 and 12 weeks of 1∘C air storage. PLS-DA scores plot
(A) highlights metabolomic difference based on tissue condition at three timepoints during low temperature storage. Font color/style indicates tissue
condition: blue/bold (healthy), green/plain (asymptomatic) and red/italic (symptomatic); number indicates storage duration: 4, 8 and 12 weeks. Loading
plots of (B) illustrate links among metabolites and tissue condition (healthy, asymptomatic, symptomatic). Metabolites important in the model (VIPs)
are indicated by color/style according to tissue condition: blue/bold (healthy), green/plain (asymptomatic) and red/italic (symptomatic). Loadings of
non-VIPs metabolites are highlighted in (C).
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Fig. 3. Identified metabolites significant (P <0.05) in ASCA for tissue condition over all three storage durations.
duration) and permutation tests indicated only marginal
significance in the interaction between storage and
tissue condition, metabolites fit to storage duration and
interaction models are not shown.
Metabolites that best fit with a specific tissue condition
are considered the best potential markers for diagnosis
and disorder status. This analysis procedure selected
considerably fewer compounds than were included in
the VIP lists generated from the PLS-DA (Fig. 3).
Metabolites highest in concentration in healthy tissue
include water-soluble antioxidants such as epicatechin,
catechin, chlorogenic acid as well as photosystem-
related antioxidants such as 𝛼-tocopherol, 𝛽-carotene
and violaxanthin (Fig. 3). Sitosteryl (6′-O-stearate)
𝛽-D-glucoside, sitosteryl (6′-O-palmitoyl) 𝛽-D-glucoside,
1,2-dilinoleoyl-3-oleoyl-rac-glycerol, 1,2-dilinoleoyl-3-
palmitoyl-rac-glycerol, glycerol and 𝛾-aminobutyric acid
(GABA) were highest and 𝛽-sitosteryl linoleate levels
lowest in symptomatic flesh. Putative TAGs as well as
several putative stigmasteryl conjugates were elevated
in symptomatic flesh (Table 3).
Metabolic networks for each tissue condition
The correlation of metabolic response is a final point
to consider in disorder-associated metabolism. Metabo-
lites highly correlated (r>0.80) during 4, 8 and 12
weeks of storage differed by tissue condition (Fig. 4).
In these plots, lines, called edges, connect metabolites
or nodes. A line between two metabolites indicates the
presence of a positive correlation greater than r> 0.80
between those two metabolites, and the width of the line
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indicates strength of correlation, while the size of the
node reflects the relative concentration of the metabo-
lites among treatments. These correlations may indicate
instances of are co-regulation and collectively reflect
trends in metabolism that differentiate asymptomatic tis-
sue from symptomatic tissue. We were interested to see
correlations among compounds differing significantly in
ASCA; ASCA-significant compounds were designated by
a square with rounded edges (Fig. 4).
Each tissue condition had a group of nodes, or
sub-network, comprised mainly of amino acids, which
differed in composition as well as concentration. In
asymptomatic and symptomatic tissue this sub-network
included alanine, aspartic acid, isoleucine, leucine,
proline and threonine, and also GABA (Fig. 4B, C); in
symptomatic tissue, succinate and aspartic acid were
also correlated with the amino acid sub-network.
Metabolites related to ethanol production, specifically
acyl esters of ethanol, were correlated within asymp-
tomatic tissue (Fig. 4B), symptomatic tissue (Fig. 4C)
and healthy fruit tissue (Fig. 4A), although overall lev-
els of these metabolites were lower in healthy tissue
(Fig. 4A). Conversely, various propyl, hexyl, butyl and
2-methylbutyl moiety esters were correlated in all tissues,
but levels were highest in healthy fruit (Fig. 4A).
Some TAGs were correlated within each tissue con-
dition, but their composition varied, along with cor-
related neighboring nodes. In healthy fruit (Fig. 4A),
four TAGs correlated only among themselves, while, in
asymptomatic tissue, TAGs correlated with malic acid,
glucose-6-phosphate and fructose-6-phosphate, along
with ethanol, acetaldehyde, several ethyl esters and
campesteryl (6′-O-linoleoyl) 𝛽-D-glucoside and sitosteryl
(6′-O-linoleoyl) 𝛽-D-glucoside (Fig. 4B). A partially dif-
fering subset of TAGs correlated only among them-
selves in symptomatic tissue, with relatively higher levels
(Fig. 4C).
Chlorophyll a and b were paired in both wholly
healthy fruit (Fig. 4A) and asymptomatic tissue (Fig. 4B),
while chlorophyll a and b were below detection levels
in symptomatic tissue. Levels of phytosterols and phy-
tosterol conjugates were also higher overall in asymp-
tomatic flesh and symptomatic flesh than in healthy flesh
fruit.
Pathway analysis
Pathway analysis served to indicate specific pathway
metabolic differences between tissue affected by SB
compared to healthy tissue (Fig. 5). Some pathways
identified by this analysis were not important in other
analyses, perhaps due to subtle differences in levels
which were not important until combined with changes
of multiple metabolites in the context of a pathway.
Pathways upregulated in SB included glycolysis, inositol
phosphate metabolism and phenylalanine metabolism.
Pathways upregulated in wholly healthy fruit included
carotenoid biosynthesis, starch and sucrose metabolism,
amino acid, and nucleotide sugar metabolism.
Discussion
The metabolic profile of ‘soggy breakdown’
Profiling metabolism associated with SB incidence
identified a metabolic profile that not only may dis-
tinguish this disorder from other postharvest disorders,
but also supports common metabolic themes among
apple fruit chilling injuries. To illustrate, elevated lev-
els of important metabolites in this study have been
noted previously as markers of stress and cell dam-
age; elevated acylated steryl glycosides, including
sitosteryl (6′-O-palmitoyl) 𝛽-D-glucoside and sitosteryl
(6′-O-stearate) 𝛽-D-glucoside, are associated with super-
ficial scald (Rudell et al. 2011) and GABA levels increase
in response to oxidative stress in apples alongside other
browning disorders (Lee et al. 2012a).
We have previously described changes in phytosterol
and phytosteryl conjugate levels in relation to superficial
scald development of ‘Granny Smith’ apples, where
acylated steryl glycosides increased prior to disorder
development (Rudell et al. 2011). The interaction among
membrane components is thought to confer cryostability
and adaptation to chilling stress rather than any specific
component (Uemura et al. 2006). Like superficial scald,
acylated steryl glycosides (sitosteryl (6′-O-palmitoyl)
𝛽-D-glucoside and sitosteryl (6′-O-stearate) 𝛽-D-
glucoside) are elevated in tissue with SB. Putative TAGs
were also associated with disorder development.
Increased levels of various TAGs may be a response to
chilling and, thus, indicative of disorder development.
At this point, it is not known whether increases in these
TAGs are unique to the CI that provokes SB.
Utilizing metabolite data to characterize disorder
development has precedence with other low temper-
ature postharvest disorders. For example, 𝛼-farnesene
oxidation products increase prior to superficial scald
development (Whitaker et al. 1997, Zhang and Shu
2003). In the case of SB, we suggest that a suite of
metabolites originating from several cellular processes
may provide the most robust assessment of disorder iden-
tity. Specifically, these metabolites include GABA, glyc-
erol, sitosteryl (6′-O-palmitoyl) 𝛽-D glucoside, sitosteryl
(6′-O-stearate) 𝛽-D glucoside, as well as additional puta-
tive phytosterols and TAGs. Whether these metabolites
increase prior symptom development has yet to be
assessed.
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Fig. 4. Metabolic sub-networks of areas of significant co-fluctuation within metabolomes of healthy (A), asymptomatic (B) or symptomatic (C)
tissues generated using Spearman’s correlations. Node (circles in A, triangles in B or rectangles in C) size and color intensity reflects the relative
metabolite concentrations (individual metabolites among tissues) at 8 weeks of low temperature storage in order to illustrate differences in tissues.
Edges (lines connecting the nodes) represent correlations (r>0.80). Edge thickness and color intensity indicates the strength of the correlation. Identified
metabolites significant in ASCA analysis are indicated by square nodes with rounded corners.
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Fig. 5. Pathway analysis of the healthy flesh metabolome compared to the symptomatic flesh metabolome. Analysis determines metabolic pathways
altered according to tissue condition, irrespective of low temperature storage duration. Pathway analysis platform is based on KEGG annotation of
Arabidopsis thaliana pathways. Circle size indicates pathway impact, a reflection of the impact of the metabolites identified in each pathway. Node
location illustrates the significance of the difference of affected pathway between healthy fruit and fruit affected by soggy breakdown [–log(P)] and
pathway impact. Bold font indicates pathways upregulated in healthy flesh, italicized font indicates pathways upregulated in symptomatic flesh, and
plain font indicates pathways with mixed up- and downregulation in healthy and symptomatic tissues.
Ultimately, the utility of a metabolic profile of SB as
a diagnostic tool also requires metabolic characteriza-
tion of other physiological disorders. For example, SB
symptoms are similar to the cortex browning caused
by carbon dioxide injury during CA storage of ‘Honey-
crisp’ (Beaudry 2010), but a well-defined metabolic pro-
file for that disorder does not exist. This study reports a
metabolic fingerprint for SB, but further validation will
be required to ensure it can accurately differentiate this
disorder from other physiological disorders. Markers for
disorders should be considered in the context of the
changes in fruit physiology related to disorder develop-
ment; determining the biochemical pathways and com-
pounds unique to disorder development will provide a
more robust diagnostic tool.
Metabolism associated with ‘soggy breakdown’
While metabolic indicators of SB may prove to be
a practical outcome of this research, investigating the
metabolism surrounding disorder development provides
a better understanding of biological mechanisms and
aberrant metabolism that leads to disorder development.
Pathway analysis, correlations and disorder discriminant
metabolites implicate fermentative respiration, oxidative
stress and membrane modifications as key factors in SB
development.
The correlation of GABA, aspartic acid, alanine,
leucine, isoleucine, serine and succinate levels, and
the upregulation of 𝛽-alanine metabolism in symp-
tomatic flesh may result from metabolic co-regulation in
response to abiotic stress. GABA accumulation has been
linkedwith abiotic stress in numerous studies (Allan et al.
2003, Bouché and Fromm 2004, Allan et al. 2008, Shelp
et al. 2012) while branched-chain amino acids (leucine,
isoleucine and valine) have been associated with apple
fruit ripening and senescence (Dixon and Hewett 2000).
Alanine and succinate are products of GABA catabolism
(Holderbaum et al. 2010). 𝛽-Alanine can be produced
from spermidine or putrescine catabolism producing
GABA (Pourcel et al. 2007). Leucine, isoleucine and
valine are associated with volatile production in apples
(Rowan et al. 1996, Rowan et al. 1999) as well as stress
or senescence in other plant species (Joshi et al. 2010).
Catabolism of isoleucine and valine in apples may have
dual functionality, resulting in both desirable aroma
compounds, including the 2-methylbutyl ester moieties
(Rowan et al. 1996), as well as providing acetyl-CoA
as an alternative energy source (Taylor et al. 2004).
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Aroma volatiles that are synthesized from branch chain
amino acids including 2-methylpropyl or 2-methylbutyl
moieties (Schaffer et al. 2007) were not highly correlated
with their amino acid precursors in this study suggesting
multiple pathways exist that metabolize these precursors,
although none were identified in our analysis.
Co-fluctuation of volatile esters comprised of an
ethanol alcohol moiety or hexyl and butyl acid or
alcohol moieties indicates possible co-regulation of
these metabolites during the postharvest period in this
cultivar. Coordinated control of volatile ester production
has been reported in ‘Empire’ and ‘Granny Smith’ (Lee
et al. 2012b, Leisso et al. 2013). Substrate availability
appears to be a major factor that drives fatty acyl ester
synthesis in apple fruit (Dixon and Hewett 2000). In this
case, ethanol and ethyl ester synthesis are coordinated
in all tissue conditions with the highest levels of ethyl
esters present in asymptomatic flesh and symptomatic
flesh indicating fermentative respiration may be related
to symptom development directly in symptomatic flesh.
These volatile compounds may also diffuse into asymp-
tomatic flesh. Increased levels of ethanol have been
previously associated with soft scald (Watkins et al.
2004) and ethanol as well as ethyl esters were asso-
ciated with a ‘Braeburn’ disorder (Lee et al. 2012a).
Co-fluctuation of methyl ester production has also been
observed, as well as increased methanol availability
in response to development of superficial scald (Leisso
et al. 2013) and firm-flesh browning (Lee et al. 2012b),
two long term storage browning disorders of peel and
cortex tissues, respectively. Monitoring disorder asso-
ciated volatile production in storage headspaces may
be useful for monitoring disorder incidence prior to
removal from storage.
Depletion of epicatechin, catechin and chlorogenic
acid in symptomatic flesh may result from polymer-
ization of these compounds in reactions catalyzed
by polyphenol oxidase (Holderbaum et al. 2010) or
non-enzymatic reactions, including autoxidation and
chemical oxidation (Pourcel et al. 2007). These reac-
tions ultimately result in condensation producing brown
colored heterogenous tannin polymers (Nicolas et al.
1994). Polymerization can occur when these com-
pounds are released into the cytosol due to loss of
vacuolar integrity (Amaki et al. 2011). The browning of
fruit tissue in areas affected by SB supports the hypoth-
esis that the depletion of epicatechin, catechin and
chlorogenic acid may be, at least in part, a result of
polymerization. Although browning is a symptom of this
disorder, putative evidence of the mechanism of their
depletion and subsequent browning does not provide a
clear explanation of the process that leads to SB symp-
tom expression. Epicatechin, catechin and chlorogenic
acid serve numerous functions in healthy fruit including
ultraviolet radiation protection and free radical scaveng-
ing (such as ROS) (Pourcel et al. 2007). The extent of
browning in bruised apples has been closely linked to
levels of these precursors (Amiot et al. 1992).
Changes in levels of membrane components during
the course of symptom development have been previ-
ously explored in relation to soft scald, the peel disor-
der that often coincides with SB. Linoleic acid levels
were as much as 35 times higher in healthy tissue rel-
ative to symptomatic tissue (Hopkirk and Wills 1980).
Unsaturated fatty acids including linoleic acid undergo
peroxidation in the presence of ROS leading to a greater
saturation (Lyons 1973). In apples, acylated steryl glyco-
side levels increase in peel tissue prior to superficial scald
development (Rudell et al. 2011). The current under-
standing maintains that membrane ASG and steryl ester
content is affected by oxidative processes during chilling
(Rudell et al. 2011). Other membrane properties affected
by chilling include decreased fluidity and permeabil-
ity (Hartmann 1998), enzyme activity and protoplasmic
streaming (Lyons 1973). Compromised membrane func-
tion can lead to cellular dysfunction and accumulation of
toxic metabolites leading to injury and cell death (Lyons
1973). In this study, levels of sitoPG, sitoSG and several
TAGs were higher in tissues from fruit with SB. Both con-
jugates detected (C16:0 and C18:0) are saturated acyl
moieties and it has previously documented that the sat-
uration decreases with cold acclimation (Uemura et al.
1995); a high degree of fatty acid saturation may lead to
cellular malfunctions at low temperature (Lyons and Rai-
son 1970, Hugly and Somerville 1992). Elevated levels
of glycerol in symptomatic tissue may also result from
increased lipid or TAG catabolism in senescing cortex
tissues.
Elevated levels of specific TAGs in symptomatic tis-
sue were not consistent with respect to acyl moiety
saturation, but TAGs associated with stress response
(Shank et al. 2001, Mosblech et al. 2009) and their
accumulation accompanies chloroplast degradation as
lipid droplets formed from TAGs and associated proteins
as distinct organelles (Hörtensteiner 2006). These lipid
droplets are located in the cytosol and droplet-associated
proteins can perform a variety of specialized physio-
logical functions. Lipid-droplet-associated proteins can
include caleosins, which act as peroxygenases to cat-
alyze hydroperoxide dependent oxygenation of unsatu-
rated fatty acids, producing epoxy fatty acids and other
metabolites associated with plant stress response signal-
ing (Mosblech et al. 2009). The increase of TAGs in apple
flesh tissue exhibiting symptoms of a physiological disor-
der has not been documented previously to our knowl-
edge.
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Depletion of 𝛽-carotene, violaxanthin and 𝛼-
tocopherol were also characteristic of SB. Like epicate-
chin, catechin and chlorogenic acid, these components
all function as antioxidants although, in this case, oil
soluble, and primarily associated with photosystem pro-
tection (Cazzonelli and Pogson 2010). These carotenoids
are generally found in low levels in mature apple fruit
flesh (Ampomah-Dwamena et al. 2012). Carotenoid
biosynthesis occurs in chloroplasts (Cunningham 2002)
where carotenoid antioxidant activity quenches free rad-
icals to prevent cellular damage (Cazzonelli and Pogson
2010). Although immature apple fruit cortex contains
high concentrations of chlorophyll and carotenoids,
levels of these compounds decrease as fruit mature
(Ampomah-Dwamena et al. 2012). It is interesting
to note the reported chloroplast association of these
compounds, as chloroplasts in unripe green apple fruit
generally differentiate to chromoplasts during ripening
in peel (Alba et al. 2005) or starch-storing amyloplasts
in apple flesh (Lopez-Juez 2007). In chromoplasts,
carotenoids are localized within lipid globules known
as plastoglobules (Bian et al. 2011). Alternately, lipid
membranes may be the site of subcellular localization
of carotenoids, where they may quench ROS (Chen
and Djuric 2001, Sharma et al. 2012). In this study, the
depletion of carotenoids (𝛽-carotene and violaxanthin),
and 𝛼-tocopherol, a carotenoid derivative, in SB may, in
part, result from oxidation by ROS.
Conclusions
The metabolic profile for SB of ‘Honeycrisp’ apple fruit
established in this study includes elevated GABA, glyc-
erol, sitosteryl (6′-O-stearate) 𝛽-D-glucoside, sitosteryl
(6′-O-palmitoyl) 𝛽-D-glucoside and TAGs as well as
reduced levels of 𝛽-carotene, sitoL, 𝛼-tocopherol, vio-
laxanthin and chlorogenic acid (5-caffeoyl quinate).
Increased levels of GABA, diminished levels of antiox-
idants and polymerization of phenolic monomers
indicate oxidative activity accompanies disorder devel-
opment. These results may be employed to accurately
diagnose SB and may distinguish SB from other apple
postharvest disorders with similar appearances to
more effectively target storage regimes and define the
causes of losses. In addition, these results increase
our understanding of metabolism related to CI and
postharvest disorders in fruit. Based on the current
understanding of chilling and stress biology, metabo-
lites linked to disorder development were interpreted
as by-products of injury (phenolic compounds), while
others may be more immediately involved in symptom
provocation (antioxidant compounds and membrane
components).
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Metabolite levels in apple fruit peel were
extracted according to three protocols: (A) volatile head
space, (B) methanolic extraction and TMS derivatization,
and (C) acetone extraction, followed by assessment of
relative levels on GC-MS (for A and B) and LC-MS (C)
instrumentation.
Table S2.MSTs significant in the ASCA for differentiating
among tissue health were tentatively identified or further
characterized using LC-QTOF-MS/MS instrumentation.
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